The aggressive activated B cell-like subtype of diffuse large B-cell lymphoma is characterized by aberrant B-cell receptor (BCR) signaling and constitutive nuclear factor kappa-B (NF-κB) activation, which is required for tumor cell survival. BCR-induced NF-κB activation requires caspase recruitment domain-containing protein 11 (CARD11), and CARD11 gain-of-function mutations are recurrently detected in human diffuse large B-cell lymphoma (DLBCL). To investigate the consequences of dysregulated CARD11 signaling in vivo, we generated mice that conditionally express the human DLBCL-derived CARD11 (L225LI) mutant. Surprisingly, CARD11(L225LI) was sufficient to trigger aggressive B-cell lymphoproliferation, leading to early postnatal lethality. CARD11(L225LI) constitutively associated with B-cell CLL/ lymphoma 10 (BCL10) and mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALT1) to simultaneously activate the NF-κB and c-Jun N-terminal kinase (JNK) signaling cascades. Genetic deficiencies of either BCL10 or MALT1 completely rescued the phenotype, and pharmacological inhibition of JNK was, similar to NF-κB blockage, toxic to autonomously proliferating CARD11(L225LI)-expressing B cells. Moreover, constitutive JNK activity was observed in primary human activated B cell-like (ABC)-DLBCL specimens, and human ABC-DLBCL cells were also sensitive to JNK inhibitors. Thus, our results demonstrate that enforced activation of CARD11/BCL10/ MALT1 signaling is sufficient to drive transformed B-cell expansion in vivo and identify the JNK pathway as a therapeutic target for ABC-DLBCL.
diffuse large B-cell lymphoma | CARD11 | NF-κB | JNK | mouse model D iffuse large B-cell lymphoma (DLBCL) is the most frequent lymphoma in adults. It is an aggressive disease that comprises several subsets, including the activated B cell-like (ABC) and germinal-center B cell-like (GCB) subtypes (1); the ABC subset in particular is characterized by poor survival (2) . ABC-DLBCL cells exhibit gene expression signatures similar to normal B cells activated by B-cell receptor (BCR) engagement and a constitutive activation of the canonical nuclear factor kappa-B (NF-κB) pathway, which is essential for survival of the tumor cells (3, 4) . Canonical NF-κB signaling is regulated by IκB kinase β (IKKβ), which induces proteolytic degradation of inhibitory IκB proteins by their phosphorylation and thereby allows translocation of NF-κB transcription factors into the nucleus. Although small molecule inhibitors of IKKβ efficiently block the growth of ABC-DLBCL cells in vitro (5) , clinical trials failed due to highly toxic side effects (NCT00003979) (6, 7) .
Physiological NF-κB activation by the BCR is initiated by receptor-proximal tyrosine kinases, such as spleen tyrosine kinase (SYK) and Bruton agammaglobulinemia tyrosine kinase (BTK), which trigger activation of downstream modules, including protein kinase C, beta-1 (PKCβ) and phosphatidylinositol 3-kinase (PI3K) (reviewed in ref. 8) . The key link to the IKK complex is the scaffolding molecule caspase recruitment domain-containing protein 11 (CARD11), which is inactive in resting cells due to an intramolecular inhibitory interaction between its linker region and its coiled-coil domain (9) . B-cell activation induces PKCβ-mediated phosphorylation of CARD11, which relieves the protein from autoinhibition, resulting in recruitment of the adapter protein B-cell CLL/lymphoma 10 (BCL10) and paracaspase mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALT1), and the formation of the CARD11/BCL10/MALT1 (CBM) complex. Further recruitment of activating factors such as TRAF proteins and casein kinase 1 α (CK1α), as well as IKKs and TAK1, leads to IKK and c-Jun N-terminal kinase (JNK) activation (10, 11) .
RNA interference screens have revealed that CARD11, BCL10, and MALT1 are all essential for survival of ABC-DLBCL cells, consistent with the key role of the CBM complex in NF-κB activation (12) . Moreover, a series of gain-of-function mutations that disrupt the autoinhibitory mechanism were identified in the coiledcoil domain of CARD11 in human DLBCL (13) . Regardless, the
Significance
The activated B cell-like (ABC) subtype of diffuse large B-cell lymphoma (DLBCL) has a poor clinical outcome and is characterized by constitutive caspase recruitment domain-containing protein 11 (CARD11)/B-cell CLL/lymphoma 10 (BCL10)/mucosaassociated lymphoid tissue lymphoma translocation gene 1 (MALT1) signaling and nuclear factor kappa-B (NF-κB) activation, which is essential for tumor cell survival. However, NF-κB inhibitors have not reached the clinic due to high toxicity, and alternative strategies for targeted therapies are needed. Using mouse genetics, we demonstrate that forced CARD11/BCL10/ MALT1 signaling drives lethal lymphoproliferation through simultaneous NF-κB and c-Jun N-terminal kinase (JNK) activation. Pharmacological inhibition of JNK was similar to NF-κB blockage and toxic to autonomously proliferating murine B cells, and constitutive JNK activity was observed in human ABC-DLBCL cells, which are also sensitive to JNK inhibitors. Our results identify the JNK pathway as a therapeutic target for DLBCL.
consequences of constitutive activation of CARD11 signaling in normal B cells remain unclear, and the downstream effectors that mediate the aberrant CARD11 activity remain to be identified.
Here, we generated a mouse model for conditional expression of a human DLBCL-derived CARD11(L225LI) gain-of-function mutant and demonstrated that CARD11(L225LI) autonomously associates with BCL10 and MALT1 and cooperatively activates NF-κB and JNK signaling, resulting in a rapidly lethal lymphoproliferative disorder. Moreover, we observed constitutive JNK activation in primary human ABC-DLBCL specimens and showed that JNK inhibition was toxic to murine CARD11(L225LI)-expressing B cells and human ABC-DLBCL lymphoma cells. Our data demonstrate that the forced activation of CBM signaling is sufficient to drive lethal lymphoproliferation in vivo and highlight JNK as a potential target for the treatment of ABC-DLBCL patients.
Results

CARD11(L225LI) Expression in B Cells
Drives a Rapidly Lethal Lymphoproliferative Disease. To investigate constitutive active CARD11 signaling, we first introduced the human lymphoma-derived CARD11(L225LI) mutant into the mature B-cell lymphoma line Bal-17 and studied B-cell activation in vitro (Fig. S1 ). Compared with cells transfected with WT CARD11, CARD11(L225LI)-expressing cells exhibited strong up-regulation of the activation marker CD80 and down-regulation of IgM, indicating B-cell activation (Fig. S1A) . A gel mobility shift assay demonstrated that CARD11(L225LI) expression resulted in robust induction of NF-κB DNA-binding activity that could be enhanced by BCR simulation (Fig. S1B) . These results are in accordance with published data (14) and demonstrate that forced expression of CARD11 (L225LI) is sufficient to induce constitutive NF-κB signaling and to trigger B-cell activation. Because the CARD11(L225LI) mutant induces stronger NF-κB activation than other patientderived or artificially generated CARD11 gain-of-function variants (13, 14) , we used CARD11(L225LI) to study enforced CARD11 signaling in vivo. To this end, we introduced a human Card11(L225LI) cDNA fused to a hemagglutinin (HA) tag preceded by a loxP-flanked (FL) transcriptional and translational STOP cassette into the mouse genome at the ubiquitously expressed ROSA26 locus (Fig. S2) CD19-Cre mice died within 6 d of birth (Fig. 1A) , with massive splenomegaly and lymphadenopathies resulting from dramatic increases in the frequency and total number of CD19-expressing, GFP-positive B lymphocytes ( Fig. 1 B-D) . Histological examination of the transgenic spleens showed homogenous populations of large cells with prominent nucleoli and high proliferation indices (>75%), as assayed by Ki-67 staining (Fig. 1E) . These blastoid cells infiltrated solid organs, (Fig. 2B ). Consistently, they did not express CD21 or the κ-light chain but were IgMl ow , MHCII low and CXCR4 + (Fig. S3 E-G) (17) . To further characterize the B-cell differentiation phenotype of these transgenic cells, we performed RT-PCR analysis of Prdm-1, Irf4, and Xbp1 expression. These markers of plasma cell differentiation were highly expressed in the CARD11(L225LI)-expressing B cells (Fig. 2C) .
To test whether these plasmablastic B cells produced antibodies, we analyzed sera for the presence of IgM and class-switched IgG1 (Fig. 2D ). Although we found comparable concentrations of IgG1 in both genotypes, we observed strongly increased concentrations of IgM in the sera of the CARD11(L225LI) CD19-Cre mice as well as high concentrations of IL-6 and IL-10, cytokines that are also autonomously produced by ABC-DLBCL cells ( Fig. 2E) (18) . Together, these findings reveal that the selective expression of CARD11(L225LI) in otherwise unmanipulated B lymphocytes is sufficient to drive B cells into dysregulated plasmablastic differentiation and massive proliferation, resulting in a highly aggressive lymphomatous disease that leads to early lethality with 100% penetrance.
CARD11(L225LI)-Induced Lymphoproliferation Is Strictly Dependent
on BCL10 and MALT1. As indicated above, under physiological conditions, WT CARD11 associates in a BCR signal-dependent manner with BCL10 and MALT1 to mediate B-cell activation (4) . To obtain insight into the effectors of pathological CARD11 (L225LI) signaling, we tested whether CARD11(L225LI) also engaged CBM complexes. To this end, we immunoprecipitated the CBM-associated kinase CK1α (1, 19) from acutely explanted CARD11(L225LI) transgenic or WT B cells and tested associations with CARD11, BCL10, and MALT1 by Western blots. CBM complexes were constitutively assembled in the CARD11 (L225LI) transgenic B cells, but not in resting control B lymphocytes (Fig. 3A) . We next investigated whether formation of BCL10-and MALT1-containing complexes is causative for lethal CARD11(L225LI)-mediated lymphoproliferation by crossing CARD11(L225LI) CD19-Cre transgenic mice into BCL10-or MALT1-deficient backgrounds [CARD11(L225LI) CD19-Cre ; , 20, 21) . Intriguingly, the deficiency of either BCL10 or MALT1 completely rescued the CARD11(L225LI) CD19-Cre mice from early lethality (Fig. 3B) . Moreover, the CARD11(L225LI)
CD19-Cre ;MALT1 −/− B lymphocytes were not enlarged and displayed no up-regulation of activation markers (Fig. 3 C-E) . Thus, the constitutive assembly of CARD11(L225LI)-induced CBM complexes is solely responsible for the pathological B-cell activation, differentiation, and malignant proliferation. Because physiological CARD11/BCL10/MALT1 complexes mediate both BCR-induced NF-κB and JNK activation (4, 22) , we speculated that the CARD11(L225LI) mutant could also simultaneously trigger the NF-κB and JNK pathways. To test this hypothesis, we performed Western blot analyses of cytosolic extracts from freshly isolated CARD11(L225LI)-expressing B lymphoblasts. Consistent with the activation of the IKK/NF-κB pathway, IκBα was constitutively phosphorylated in the CARD11(L225LI)-expressing B cells. Moreover, constitutive JNK activation was detected with activation state-specific anti-phospho-JNK antibodies. In agreement with these results, c-Jun, a key target transcription factor of JNK, was also detected at high levels in the CARD11(L225LI)-expressing cells (5, 23) (Fig. 4A) . We then performed cell fractionation to examine nuclear events. In CARD11(L225LI)-expressing B cells, we detected high nuclear levels of the NF-κB subunits RelA, cRel, and p50, a result congruent with constitutive active IKK signaling (Fig. 4B) . In addition, and consistent with activated JNK signaling, we also observed high concentrations of the phosphorylated forms of the AP-1 transcription factors subunits c-Jun and Atf2 (6, 7, 24) in the nuclear extracts of CARD11(L225LI)-transgenic cells (Fig. 4C) . Furthermore, transfection of CARD11(L225LI) into the Bal-17 cells in vitro also induced increased nuclear levels of RelA, cRel, and p50, as well as c-Jun (Fig. 4D) . Moreover, gel mobility shift assays using nuclear extracts from acutely explanted CARD11(L225LI)-transgenic murine B cells demonstrated strongly enhanced NF-κB and AP-1 DNA binding activity in comparison with WT (Fig. 4E) . Because neither constitutive NF-κB signaling nor constitutive JNK signaling was observed in the CARD11(L225LI)-expressing B cells that genetically lack either BCL10 or MALT1, we conclude that the CARD11(L225LI) mutant activates both IKK and JNK through a strictly BCL10-and MALT1-dependent manner (Fig. 4 F and G) .
Constitutive JNK and NF-κB Signaling Is Essential for CARD11(L255LI)-Transgenic B-Cell Growth. To test whether activation of both NF-κB and JNK signaling is required for malignant expansion of CARD11 (L225LI)-expressing B lymphocytes and to study whether pharmacological inhibition of either cascade affects lymphoblast growth, we cultured primary CARD11(L225LI)-expressing B lymphocytes in vitro. In contrast to WT B cells, CARD11(L225LI)-transgenic lymphocytes survived and, indeed, proliferated vigorously, without the addition of any specific B-cell survival or mitogenic factor for at least 10 d in culture (Fig. 5A) .
To inhibit IKK, we incubated the cells with the well-characterized synthetic inhibitor Bay11-7082 (8, 25) . For JNK blockage, we treated lymphocytes with SP600125, which inhibits JNK, showing minimal off-target effects on MKK4 and MKK6 (9, 26); a derivate was clinically developed for idiopathic pulmonary fibrosis (NCT01203943), for which constitutive JNK activation has been shown (10, 11, 27, 28) . We also incubated the transgenic B cells with small molecule compounds that inhibit SYK (R406) (NCT01499303) or BTK (PCI-32765; Ibrutinib) (NCT01325701) receptor-proximal tyrosine kinases or PI3K signaling (Cal-101, Idelalisib) (NCT01282424) and that are in clinical trials or approved for lymphoma therapy (12, 29, 30) , or with the ERK inhibitor PD98,059. As expected, IKK inhibition resulted in strong reduction of nuclear NF-κB RelA, cRel, and p50, and inhibition of JNK activity blocked the presence of phosphorylated c-Jun and reduced the levels of phosphorylated Atf2 in the nucleus (Fig. 5 B and C) . Moreover, the inhibition of neither SYK (R406) (Fig. 5D), BTK (Fig. 5E), PI3K (Fig. 5F ), nor ERK (Fig. 5G) significantly affected viability or proliferation of CARD11(L225LI)-expressing B cells in culture, indicating that only the active CBM complex is required for their survival. Moreover, the responsiveness of the BCR is defective in CARD11 (L225LI)-expressing B cells because IgM cross-linking does not activate the proximal kinases (Fig. S4) . In contrast to proximal kinase inhibition, the blockage of NF-κB signaling induced death in CARD11(L225LI)-expressing B cells, consistent with the sensitivity of human ABC-DLBCL cells to IKK inhibition (Fig. 5H) . Moreover, pharmacological inhibition of JNK signaling with SP600125 also triggered death of CARD11(L225LI)-expressing cells (Fig. 5I) , demonstrating that the pathological growth of CARD11(L225LI)-expressing B cells not only is dependent on dysregulated NF-κB signaling, but also critically requires JNK kinase activity. The ontarget effects of the Bay11-7082 and SP600125 inhibitors are underscored by the fact that low doses of the compounds that do not kill CARD11(L225LI)-expressing B cells also do not affect p50 and phospho-c-Jun levels (Fig. S5) . Human ABC-DLBCL Exhibits Constitutive JNK Activity. Based on our results in the genetically defined mouse model, we subsequently investigated the activity of JNK kinase in human DLBCL by immunohistochemistry analysis of primary specimens from 67 DLBCL patients for the presence of activated JNK. The DLBCL cases were categorized by their cell-of-origin subtypes according to the Tally algorithm (13, 31) , revealing 47 non-GCB (ABC)-DLBCL and 20 GCB-DLBCL cases. Strikingly, none of the examined GCB-DLBCL samples (though single internal positive control nuclei were observable in the respective examined tissues), but more than 55% of the ABC-DLBCL biopsies, stained positive for phosphorylated JNK (Fig. 6A) , demonstrating constitutive activation of JNK selectively in an ABC-DLBCL fraction. To study the functional role of JNK signaling in human DLBCL, we used a set of phenotypically well-characterized human ABC-DLBCL cell lines (HBL-1, OCI-Ly3, OCI-Ly10, and TMD8) (13, 14, 18) . Interestingly, we also observed constitutive JNK phosphorylation in three of four ABC-DLBCL lines (Fig. 6B) , and in vitro kinase assays with c-Jun as a substrate further confirmed constitutive JNK activity in these DLBCL cells (Fig. 6C) . Thereafter, we transduced the non-ABC-type lymphoma cell line BJAB, which does not exhibit NF-κB or JNK activation, with the constitutive active CARD11 version alone or fused to GFP. The activating CARD11 mutation resulted in activation of NF-κB, as defined by the presence of RelA, cRel, and p50 in the nucleus, and in JNK activation, as shown by Western blotting with anti-phospho-JNK antibodies (Fig. 6D) or JNK kinase assays, indicating that constitutively active CARD11 is sufficient to engage JNK in human lymphoma cells (Fig. 6E) . Finally, we treated the human ABC-DLBCL cells with the JNK inhibitor SP600125 to investigate the relevance of the JNK pathway for survival of human ABC-DLBCL cells. Intriguingly, SP600125 mediated dose-dependent cell killing in the ABC-DLBCL cell lines HBL-1, OCI-Ly3, and OCI-Ly10 tumor cell lines with constitutive JNK activation. In contrast, TMD8 does not exhibit constitutive JNK activation. Thus, JNK inhibition is lethal for ABC-DLBCL cells with constitutive JNK activity, and these effects of SP600125 are unlikely due to nonspecific toxicity (Fig. 6E ).
Discussion
Our analysis of a genetically defined mouse model of constitutively active CARD11 signaling and parallel investigations in human lymphoma demonstrates that aberrant CBM signaling is sufficient to drive lethal lymphoproliferation in vivo and identifies the JNK pathway as a key downstream effector essential for transformed B-cell growth. The malignant disease induced by CARD11(L225LI) expression in otherwise unmanipulated B cells develops very rapidly and results in lethality in all transgenic animals as early as 1 wk after birth. These surprising findings indicate that secondary mutations within the transgenic B cells or external triggers are probably not required to induce the aggressive disease. Crosses of CARD11 (L225LI) CD19-Cre mice to BCL10-or MALT1-deficient animals completely rescued the phenotype, thereby excluding the possibility that lymphoma-derived CARD11 mutations could engage BCL10-or MALT1-independent pathways to drive pathogenesis. Moreover, our experiments with small molecule inhibitors against SYK, BTK, and PI3K revealed that autonomous growth of the transformed B cells is not affected by BCR proximal kinase blockage. Thus, aberrant CBM activity is, per se, oncogenic and independent from upstream input. These findings imply that human lymphomas with constitutive active CARD11 mutations might also not be sensitive to SYK, BTK, or PI3K inhibitors, which needs to be systematically investigated. Indeed, recent clinical data demonstrate that ABC-DLBCL tumors with CARD11 mutations do not respond to BTK inhibition with Ibrutinib (32) .
One key downstream pathway that emerges from CBM complexes is the NF-κB signaling cascade. NF-κB is essential for ABC-DLBCL survival (12) (13) (14) 33) , and IKK inhibition is toxic for CARD11(L225LI)-expressing murine B cells that otherwise expand vigorously in vitro. However, although NF-κB is essential, previous work in mouse models has shown that enforced IKK signaling is not sufficient to induce lymphoma development. Although B cell-specific expression of a constitutively active allele of IKKβ resulted in increased numbers of marginal zone B cells, the lifespan of such animals was not affected (15), a fundamental difference from the malignant phenotype induced by constitutive CBM signaling. Because Sasaki et al. (15) also used the CD19-Cre transgene to induce expression of the constitutively active (ca) IKKβ allele from a loxP-flanked STOP-modified ROSA26 locus, the genetic strategies for expressing CARD11(L225LI) or ca-IKKβ are identical. Thus, aberrant CBM signaling must trigger critical pathways, in addition to NF-κB, that drive oncogenesis. In line with this notion, we observed that mutated CARD11 triggers JNK activation in both primary murine B cells and human lymphoma lines. This finding is consistent with the known role of the physiological CBM complex in JNK activation during T-cell activation and further extends previous findings from retroviral gene transduction experiments showing that coiled-coil mutations in CARD11, which switch signals for self-antigen-induced cell death to T cell-independent proliferation, are also able to activate JNK (16, 34) . Importantly, however, constitutive JNK activation was observed not only in transgenic B cells and manipulated lymphoma cells, but also at a high frequency in primary specimens from human ABC-DLBCL patients, highlighting the clinical relevance of our findings. Although it is unlikely that all these p-JNKpositive ABC-DLBCL cases would exhibit CARD11 mutations, multiple additional lymphomagenic alterations in DLBCL, and including activating lesions within the BCR signaling chains Cd79a or -b, channel their tumor-promoting activities through CARD11, BCL10, and MALT1 (13, 17) . Those alterations are, therefore, also expected to engage the JNK pathway to drive tumorigenesis, which requires further study. In line with this hypothesis, a current study by Schmid et al. demonstrates that inactivations in DUSP4 can also induce constitutive JNK signaling in DLBCL (35) .
Small molecule inhibition of JNK blocks autonomous growth of CARD11(L225LI)-expressing B cells, demonstrating that JNK activity is required for pathological CBM-induced B-lymphocyte proliferation. In human lymphoma cell lines, we also found that the specific ABC-DLBCL lines that exhibited aberrant JNK activity were also sensitive to JNK inhibitors, revealing a functionally important role for this pathway in human DLBCL. These findings are consistent with the cell survival role of JNK upon loss of DUSP4 in DLBCL (35) , the known transformational potential of c-Jun (reviewed in refs. 18 and 36) , and the aberrant activities of JNK and AP-1 signaling that are frequently observed in other human Hodgkin's and non-Hodgkin's lymphomas, in which they induce proliferation and suppress apoptosis (4, (37) (38) (39) (40) (41) . How dysregulated CBM complexes couple mechanistically to the JNK pathway is still an open question. However, normal antigen receptor signaling recruits the kinase TAK1 to the CBM complex and thus initiates the AP-1 activation cascade (42) , and BCL10 can act as a JNK-interacting protein that allows recruitment of JNK2 for c-Jun phosphorylation (43) . In addition, the physiological assembly of CBM complexes induces proteolytic activity of the MALT1 paracaspase, which can cleave and inactivate the negative JNK regulator CYLD to enforce the signal for AP-1 activation (44) (45) (46) (47) (48) . It is likely similar that those mechanisms would also be engaged by oncogenic CARD11 mutants, but this hypothesis remains to be investigated.
Because the current treatment options for DLBCL are limited and selective NF-κB inhibitors have failed clinical trials due to high toxicity, our results not only reveal previously unrecognized mechanistic insights into aberrant CBM function in vivo, but also suggest that CBM downstream inhibition via JNK blockage with inhibitors such as SP600125 derivatives could constitute a therapeutic option for DLBCL patients with activated JNK signaling. Identification of the lymphocyte-specific mechanisms that couple dysregulated CBM activity to JNK could reveal additional strategies for inhibition of this pathway for lymphoma therapy.
Methods
Mice. The human Card11L225LI cDNA (13) was fused to an HA tag sequence preceded by a loxP-flanked transcriptional and translational STOP cassette and cloned into the ubiquitously expressed ROSA26 vector (15) , which was linearized and electroporated into 129Ola ES cells. The clones were verified by Southern blot analysis with a 5′ flanking ROSA26 probe and specific PCR, as described (49) . Blastocyst injection of the clones and subsequent chimera breeding resulted in CARD11(L225LI) stopFL mice that were then crossed to CD19-Cre mice (16) . The resulting bicistronic expression of CARD11(L225LI) together with eGFP allowed fluorescence monitoring of CARD11(L225LI)-expressing cells. The BCL10 −/− and MALT1 −/− alleles have been described previously (20, 21) . Littermates were used in all subsequent experiments. All animal work was conducted in accordance with German Federal Animal Protection Laws and approved by the Institutional Animal Care and Use Committee at the Technische Universität München.
Cell Culture. The details of cell culture are provided in SI Methods.
Retroviral Transductions. The details of retroviral transductions are provided in SI Methods.
B-Cell Purification. The details of B-cell purifications are provided in SI Methods.
Gel Mobility Shift Assays and Western Blotting. Cytosolic and nuclear extracts were obtained using standard methods (18) , and protein concentrations were determined by the Bradford assay. A 5-μg sample of nuclear extract 
